Supplementary Information Construction of the Atomic Models
The simulation systems of the full channel represent atomic models of the Kv1.2 channel embedded into a DPPC lipid bilayer surrounded by an aqueous salt solution of 500 mM KCl. The initial coordinates of the Kv1.2 channel in the active and the resting state were assembled from the atomic models of Pathak et al (1) . The procedure of constructing the protein/membrane system is described in (2) . The symmetry axis of the channel is aligned along the membrane normal (z-axis) with the center of the bilayer at z = 0. All histidine residues were assigned HSP protonation states carrying a net charge of +1. All other titratable residues were modeled in their default ionization state. The pKa calculation provided in the Supplementary Material shows that the protonation states chosen are consistent with most representative ionization state of the charged residues. To achieve a salt concentration of 500 mM, 307 K + ions and 279 Cl − ions were added to the bulk solution. In addition, two K + ions were positioned at two of the previously identified binding sites in the selectivity filter, with a third K + ion in the central cavity. The resulting systems are electrically neutral and each comprise ∼ 350,000 atoms.
The active state, was equilibrated for 3 ns with the protein backbone restrained harmonically, and was then equilibrated further for 97 ns without restraints. A constant electric field (in the z-direction), corresponding to a voltage bias of +500 mV across the membrane, was applied to stablize the system in the open conformation. The resting state, was equilibrated following a multistage protocol. The system was simulated for 3 ns with the protein backbone restrained. For the next 50 ns of equilibration the backbone dihedral angles (φ and ψ) of residues 293-306 on S4, 311-323 of the S4-S5 linker, and 390-411 of S6 were constrained harmonically with a force constant of 5 (kcal/mol)·rad −2 . In addition, a flat bottom harmonic constraint with minimum distances of 4.0, 1.8, and 1.8Å and a force constant of 1 (kcal/mol)·Å −2 was imposed between the CZ, H22, and HE atoms of R294 (on S4), and the CD, OE1, and OE2 atoms of E226 (on S2) in all four subunits. The C α atoms of residues 410 and 411 (on S6) in diagonal subunits were also constrained to a maximum distance of 11.5Å with a force constant of 5 (kcal/mol)·Å −2 . The dihedral restraints on S4 and distance restraints between R294 and E226 were released after 50 ns, and the system was simulated for another 50 ns. A constant electric field (in the z-direction) corresponding to a voltage bias of -500 mV across the membrane was applied to stabilize the system in the closed conformation. The equilibration simulations were performed at the temperature of 333 K.
The voltage-sensor domains (VSD) of Kv1.2 in the active and resting states were also placed individually 1 into DPPC bilayers, surrounded by 100 mM KCl solution. The simulated systems (shown in Fig. S1) included the S1-S4 segments and the S4-S5 linker of Kv1.2 (residues 161-324). The protein was inserted into a pre-equilibrated and hydrated DPPC lipid bilayer, using the program VMD (3) . An aqueous solution with 38 K + and 41 Cl − ions was added on both sides of the DPPC patch to neutralize the simulated system and ensure physiological salt concentrations. The total number of atoms in the VSD/membrane systems were ∼ 94,000.
Following 5000 steps of energy minimization with all protein atoms constrained, the VSD systems were equilibrated for 1.5 ns with the protein backbone restrained. The active and resting states were equilibrated then with applied electric fields, corresponding to +250 mV and -250 mV transmembrane potentials, for the active and the resting state, respectively. The active state proved to be stable after 50 ns of equilibration; the resting state needed to be simulated for another 50 ns to achieve a root mean square fluctuation (RMSF) below 3Å for the protein backbone in the transmembrane region, indicating stability. The RMSF of the VSD is plotted in Fig. S3B . During all the simulations, the backbone atoms of residues 312-324 (S4-S5 linker) were restrained harmonically, with a force constant of 1 (kcal/mol)·Å −2 . The VSD simulations were carried out at the temperature of 318 K. The simulations performed are summarized in Table 3 of the Supplementary Material.
The configuration of the VSD resulting from the 50 ns and 100 ns equilibration runs, were used to simulate the active and resting states subject to three different voltage biases. Each protein state was simulated at -250 mV, 0 mV, and +250 mV and each simulation lasted for 50 ns. The equilibrated configurations of the full tetrameric channel, resulting from 100 ns of equilibration runs were also simulated at two different voltage biases. The active and resting states were each simulated for 50 ns, at a positive voltage of +500 mV and a negative voltage of -500 mV. A summary of all the simulations is provided in Table 3 . Despite the large magnitude of the voltage applied (compared to physiological values of ∼100 mV), the average root mean square deviation (RMSD) of the protein backbone from the equilibrated conformations were < 7Å (shown in Table 6 of the Supplementary Material) in all ten simulations, allowing us to calculate the total gating charge for the full tetrameric channel, as well as for the individual VSD, from the average displacement charge Q d .
Free Energy Perturbation
All-atom FEP/MD simulations were carried out for the isolated VSD and the tetrameric channel. The 
Electrostatic Potential Maps
Electrostatic potential maps were calculated using the PME plugin (5) of the program VMD (3). The maps were calculated for the active state trajectories of the full channel at +500mV and -500 mV (SimOpen-p and SimOpen-n), and the closed state trajectories at +500 mV and -500 mV (SimClosed-p and SimClosedn). The time-averaged maps are then used to extract the transmembrane potential along the center of the VSD, in each protein state. In the case of the isolated VSD, the electrostatic maps were obtained for the active state trajectories at 1 V and 0 V (SimVSD1-1V and SimVSD1-0V), and the resting state trajectories at -1 V and 0 V(SimVSD2-1V and SimVSD2-0V). For each protein state, the transmembrane potential is then plotted along a straight line parallel to the z−axis passing through the VSD.
Steered molecular dynamics simulations
Steered molecular dynamics (SMD) simulations (6; 7) were carried out on the final conformation of the closed states obtained from equilibration simulations of the individual VSD and the tetrameric channel.
During SMD simulations the coordinates of CZ atoms of R1 were pulled down toward the intracellular solution using a harmonic constraint moving with a constant velocity of 0.5Å/ns, and a force constant of 5 (kcal/mol).Å −2 . The simulations lasted 30-35 ns. In the case of the tetrameric channel, all four residues (R1) in the tetrameric channel were pulled with the forces being applied to the center of mass of the four arginine side chain carbon atoms. The pore domain (residues 325-421) was restrained harmonically, in order to prevent net translation of the protein. The isolated VSD simulations were performed with the S4-S4 linker (residues 312-325) constrained, as in the case of the equilibration simulations.
pKa calculations
The changes in pKa were calculated from a continuum electrostic approximation according as the free energy difference between the unprotonated and protonated residue in the full system relative to the fragment alone (8) . The free energy differences were calculated from an equilibrated conformation of the Kv1.2 channel in the open and the closed state taken from the MD simulations. The continuum electrostatic calculations used to determine the protonation states of ionizable residues in the VSD were carried out using the finite-difference Poisson-Boltzmann solver PBEQ (9) of the program CHARMM (10). For each residue, the calculations were first carried out using a coarse grid of 1.2Å spacing, followed by a focussing step using a fine grid spacing of 0.5Å. A cubic grid of 180 3 points was used. The membrane, of thickness 25Å was represented explicitly from the hydrocarbon chains of the lipids included in the MD simulations.
The dielectric constant of the aqueous region was set to 80, the dielectric constant of the protein region was set to 4, and the the dielectric constant of the membrane region was set to 2. The set of atomic radii optimized from free energy simulations was used to set the dielectric boundary (11) . The calculations are limited to the Arg, Lys, Asp, Glu and His residues of the VSD, which is the main interest for the present study, for a total of 40 pKa calculations, The average charged state were calculated by assuming a pH of 7. The results are reported in Table 1 and Table 2 .
The calculation shows that all the Glu and Asp have a charge of -1, which corresponds to their default ionization state. Similarly, most of the Arg have a charge of +1, with the exception of Arg303 for 1-2 subunits. All the Lys have a charge of +1, with the exception of Lys306 in the closed state for a 4 few subunits. The His display more complicated behaviors, although only His310 is really partially in the functional region of the VSD. However, the His do not participate to the gating charge, as they are not coupled to the transmembrane potential. It is important to note that the gating charges are not titrable (12) . Furthermore, the calculated charged state are extremely sensitive to the approximations made, and it is important to consider those results as suggestive at best.
It can be conclude that the default charged state assumed for the main ionizable residues of the VSD is valid. Those include: R294 (R1), R297 (R2), R300 (R3), R303 (R4), K306 (K5), R309 (R6) along S4, E183 (E0) along S1, E226 (E1) and E236 (E2) along S2, and D259 (D3) along S3. 
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